With the advent of low cost, high-throughput genome sequencing technology, population genomic data sets are being generated for hundreds of species of pathogenic, industrial, and agricultural importance. The challenge is how best to analyze and visually display these complex data sets to yield intuitive representations capable of capturing complex evolutionary relationships. Here we present PopNet, a novel computational method that identifies regions of shared ancestry in the chromosomes of related strains through clustering patterns of genetic variation. These relationships are subsequently visualized within a network by a novel implementation of chromosome painting. We apply PopNet to three diverse populations that feature differential rates of recombination and demonstrate its ability to capture evolutionary relationships as well as associate traits to specific loci. Compared with existing tools, PopNet provides substantial advances by both removing the need to predefine a single reference genome that can bias interpretation of population structure, as well as its ability to visualize multiple evolutionary relationships, such as recombination events and shared ancestry, across hundreds of strains.
Introduction
Population genetic structure, represented by patterns of inheritance, is dynamic and depends upon multiple forces including mode of reproduction and selection pressures. For example, recombination during sexual reproduction results in admixed populations in which different sections of chromosomes exhibit alternate patterns of inheritance. Traditionally such patterns have relied on analysis of individual or limited sets of marker genes to infer genetic hybridization (Grigg et al. 2001) . The advent of chip-based technologies, exploiting common sequence variants such as single nucleotide polymorphisms (SNPs) resulted in significant gains in resolution and throughput (Evans et al. 2015) . More recently, with decreasing costs and the ability to provide information at single base resolution, next generation sequencing (NGS) is finding wider application in population based studies focused on areas such as cancer, drug resistance, and agriculture (Singh and Singh 2008; Minot et al. 2012; Miotto et al. 2013; Fu et al. 2016; Johann et al. 2016; Pang et al. 2016) .
As new technologies have emerged, parallel efforts to develop the algorithms and tools to best exploit these data sets are required. For example, data generated from SNP chips have resulted in the development of methods devoted to the identification of haplotype blocks (Haploblocks-sets of SNPs exhibiting strong linkage disequilibrium), in order to better infer patterns of recombination within populations (International HapMap 2003; Minot et al. 2012) . Haploblocks can be seen as genetic islands or blocks of shared ancestry within the whole genome context, where each haploblock serves as a marker that can be used to define ancestry as well as demarcate genes associated with distinct phenotypes (Minot et al. 2012; Guan et al. 2013) . Moreover, in admixed individuals whose genomes are inherited from members of different subpopulations, haploblocks may be used to identify regions that have been exposed to different selective pressures and evolution histories (Khanyile et al. 2015) . Since haploblocks are traditionally defined on the basis of linkage disequilibrium, they typically capture only a limited fraction of the genome (Lawson et al. 2012) .
Recently, chromosome painting has emerged as an effective technique to examine patterns of inheritance across an entire genome (Lawson et al. 2012; Minot et al. 2012) . For example, in a recent study of 62 strains of Toxoplasma gondii, chromosomes are divided into discrete sections containing a fixed number (e.g., 1,000) of SNPs on which local admixture analyses are performed (Lorenzi et al. 2016 ). Tools such as STRUCTURE and fineSTRUCTURE (Pritchard et al. 2000; Lawson et al. 2012) can then be used to group sections sharing similar ancestry to visualize the fraction of the genome associated with distinct patterns of inheritance. Subsequent refinement of these tools allows such patterns to be visualized in the context of the chromosomal region in which they occur, allowing the identification of defined regions of coinheritance (Yahara et al. 2013; Lorenzi et al. 2016) . However, such visualizations provide limited insights into the origins of these shared patterns and the population structure as a whole and rely on imprecise methods to estimate the number of ancestries present. Other methods, such as network based approaches are useful in inferring recombination events within the context of a global population structure (Huson and Bryant 2006) . For example, Neighbor-Net represents all individuals within a split network, where shared ancestry is represented by the reticulation of edges providing insight into recombination events that occurred between their ancestors (Bryant and Moulton 2004) .
Compared with the traditional rooted phylogenetic tree, the additional dimension provided by Neighbor-Net allows for a much more accurate depiction of the relationship between sub populations. Yet, while the network approach is effective at defining global structure, it provides only limited insights into how alleles associated with individual genes or local chromosome regions are distributed within a population. Furthermore, it yields no positional information concerning recombination events that result in admixed chromosomes where different lineages may exhibit regions of shared ancestry.
In an attempt to build on graph based approaches such as Neighbor-Net to infer population structure, we present a novel computational platform, termed PopNet, which integrates chromosome painting within a network structure to generate intuitive representations of genome-scale population data. Where previous implementations of chromosome painting have required an independent analysis, such as cross validation (Lorenzi et al. 2016) , to define ancestral populations, PopNet incorporates an agnostic clustering approach to define the set of possible ancestries as clades. The results are visualized positionally as a network with the degree and delineation of the shared ancestry directly incorporated into the graph. We demonstrate the effectiveness of PopNet through its application to three diverse populations: Saccharomyces cerevisiae, Toxoplasma gondii, and Plasmodium falciparum, showing that S. cerevisiae lineages form around habitat or function; North American T. gondii families possess admixed genomes that share multiple regions of similarity, and Asian P. falciparum populations show a higher degree of genetic hybridization compared with their African counterparts.
Results

PopNet Reveals Population Structure and Identifies Recombination Events through Clustering Chromosome Segments
The PopNet pipeline uses patterns of SNP distributions, generated for example by the Genome Analysis Toolkit (GATK; McKenna et al. 2010) or the Nucmer alignment algorithm (Kurtz et al. 2004) , to define and visualize population structure based on a series of graph clustering steps ( fig. 1a; supplementary methods, Supplementary Material online). First, the algorithm divides the genome into a series of nonoverlapping segments of user-defined length (e.g., 10 kb-see below). A SNP similarity matrix is then generated for each segment based on the number of alleles shared between each pair of strains and the Markov Clustering algorithm (MCL) (van Dongen 2000a) applied to identify groups of strains sharing similar patterns of alleles. The results of this "primary" clustering are then used to construct a new "global" similarity matrix, which defines the number of segments in which each pair of individuals are placed in the same cluster. This global matrix is subsequently clustered, also with MCL. The resulting clusters generated in this step define the total number of discrete groups of related strains (clades) in the population, each of which is represented by a unique color within the network visualization.
Visualization of SNP inheritance patterns is performed using a chromosome painting approach (Miotto et al. 2013; Lorenzi et al. 2016) in which each segment of a strain's genome is colored according to its closest matching clade. Specifically, if a strain shares a cluster with at least N% of the members of another clade, the chromosome segment associated with that strain is assigned the color of that clade (supplementary fig. 1 , Supplementary Material online). N is a tuneable parameter that impacts the number of chromosome "features" (defined as chromosome segments that share the same ancestry) identified (supplementary fig. 2a and b, Supplementary Material online). Here, we set N to 30 to provide a balance between the identification of too many features (increasing noise) and too few features (reducing signal). Where a strain shares a cluster with multiple clades, based on the prior definition, its clade relationship is defined through a "chain-extension" algorithm: in an initial step, the algorithm compiles a list of putative clades associated with each segment. Next, starting at the beginning of each chromosome, the algorithm identifies the longest consecutive chain of segments sharing ancestry with the same clade. During this step, we allow "gaps" in this chain to allow for strain-specific divergence due to, for example, genetic drift or sequencing artifacts. Default settings allow for one gap for every eight segments up to a maximum of five consecutive gaps. Although, we note that the number of allowed consecutive gaps has little impact on results (supplementary fig.  2c and d, Supplementary Material online), increasing the number of segments allowed per gap results in an increase in regions of shared ancestry and a concomitant decrease in granularity (a term used to describe cluster distributions, with low granularity indicating fewer clusters with more members, supplementary fig. 2e and f, Supplementary Material online). Once assigned to a specific clade, the chain of consecutive segments is assigned the color of that clade and the algorithm continues on the following chain. Finally, if the segment does not form part of a chain sharing ancestry with other clades, the segment assumes the color of the strains associated clade. 
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Annuli are then used as nodes in a network where edges between nodes represent the frequency of two individuals being assigned to the same cluster (as defined by the initial clustering step). The color of the outer edge of the annulus, indicates which clade that individual belongs to, which is predefined as the clade that the individual shares a "tunable" percent majority of sequence similarity (i.e., blocks of shared SNPs).
To define segment clusters PopNet relies on three further parameters: two inflation parameters that impact cluster granularity used by the MCL algorithm, and the length of the chromosome segment used in the primary clustering step. Based on an initial analysis of 67 yeast genomes (see below), for the primary clustering step, we find that using inflation and preinflation parameters of 8 and 19, respectively, in addition to a segment length of 10,000 results in a reasonable trade-off between maximizing cluster granularity (and thereby reducing false positive cluster assignments), clustering efficiency-a metric related to the extent that resultant clusters capture edge weights between nodes where higher values indicate that more nodes with stronger connections to other nodes (i.e., more shared SNPs) are placed in the same cluster (van Dongen 2000b) and the number of chromosome features (figs. 1b-d and supplementary fig. 3a and b, Supplementary Material online).
For the global clustering step, we find that setting the inflation and preinflation parameters for MCL to 4 and 1.5, respectively, results in reasonable trade-offs between cluster granularity, clustering efficiency, and inter and intracluster distances (supplementary fig. 3c -f, Supplementary Material online).
To examine PopNet performance, we simulated a simple population of strains of a model haploid organism using defined rules of recombination and crossing ( fig. 1e) . Our model featured a founder population of four strains with genomes of size 21 Mb (a typical size for a single celled eukaryotic) divided into 14 1.5 Mb chromosomes. For each chromosome, we assigned one SNP for every 500 bp (3,000 SNPs/chromosome-consistent with previous population studies); alleles were assigned either as A, T, G, or C depending on the strain (i.e., the alleles for the first strain were all assigned as "A"). A simulated population was then generated through a series of "cross-over" events in which a strain is chosen at random and chromosome segments randomly replaced with equivalent segments from a second randomly selected strain at a rate of 1 every 5.2 Mb (equivalent to an average recombination rate of 52 kb/cM, a value half between those observed for populations of two related parasites-T. gondii and P. falciparum [Jiang et al. 2011] ). To ensure chromosome features could be readily visualized, we used a simple model of segment replacement based on a Gaussian distribution, with a mean of 100 kb and sigma of 10 kb (as noted below, the average feature length for S. cerevisiae was found to be $110 kb). Repeating this process 11 times generated a population of 15 strains, featuring a total of 54 recombination events. PopNet analysis of the model population revealed four clades, associated with the four progenitors, and correctly identified all 54 recombination events ( fig. 1f ). For example, strain O1 features five teal bands on a background of deep blue, representing contributions from strain A3 (teal) into A1 (deep blue). Each band corresponds to one recombination event between the two ancestors, except for chromosome XI, where two crossover events occurred within the same region resulting in a single band.
Although, this analysis demonstrates the ability of PopNet to capture admixture and gene flow between populations, it is important to note that for natural populations, parental strains may not be present. Hence, regions of common ancestry, as identified by PopNet should not be attributed to recombination between sampled individuals. In the following three sections, we apply PopNet to three diverse populations: Toxoplasma gondii, S. cerevisiae, and Plasmodium falciparum, to demonstrate how PopNet results in intuitive interpretations of population genomics data.
PopNet Reveals Population Structure and Extent of Admixture between Isolates of T. gondii from North American
The unicellular parasite, Toxoplasma gondii, is the leading cause of infectious retinitis globally and can be fatal if acquired during pregnancy or when immunosuppressed (Kaye 2011; Saadatnia and Golkar 2012) . Genetic variation driven through the parasites sexual phase has resulted in a diverse set of strains, each featuring different virulence potentials, together with distinct host and tissue tropisms (Wendte et al. 2011; Pan et al. 2012) . In North America and Europe, populations of T. gondii are thought to be largely clonal, dominated by three major types: Type I, Type II, and Type III (Lawson et al. 2012) . A fourth family, largely infecting wild animals in North America, has been designated Type X or Haplogroup 12 (HG12) based on a limited set of genetic markers. This lineage is thought to represent the product of a cross between Type II and a unique lineage termed "c" (Miller et al. 2008; Khan et al. 2011) . Recent analysis of 62 T. gondii genomes reveal mosaic chromosomes composed of conserved haploblocks shaped through multiple recombination events (Lorenzi et al. 2016) . Clusters of genes associated with these haploblocks are known to influence transmission, host range, and pathogenesis. Here we investigated the utility of PopNet to reveal the genetic ancestry and population structure of 24 strains of T. gondii. In this analysis, we combined 17 previously sequenced strains with de novo genome data from two additional HG12 isolates (3142 and TGSKUNK), a new Type II isolate (TGGOATUS21), three progeny from a cross between a type II strain (ME49) and a type III strain (CTG), designated S22, S23 and S30 (Sibley et al. 1992 ). In addition, to ensure that our pipeline is consistent with previously generated genome data, we resequenced strain ARI (designated ARI.MG)
We first examined the performance of standard population structure tools. As expected, by adopting whole genome sequence data instead of a limited set of genetic markers, Neighbor-Net (Bryant and Moulton 2004) does not support the HG designation (Lorenzi et al. 2016) , with many isolates from the same haplogroup, appearing on separate branches ( fig. 2a) . However, while Neighbor-Net did distinguish bona MBE fide Type II and III strains from those that possess hybrid genomes, the evolutionary relationships of the progeny from the cross between ME49 and CTG is not clear. The phylogenetic tree and matrix generated by fineSTRUCTURE (Lawson et al. 2012 ) revealed clear groupings for many strains and further resolved the shared ancestry across groups. However, although fineSTRUCTURE can theoretically infer the number of populations (clades) and capture detailed patterns of inheritance at the chromosome level, such features are not provided through the standard visualization interface. As a result, evolutionary relationships between hybrids, such as the progeny of the cross between ME49 and CTG, SOU, B73, and B41 are not readily resolved ( fig. 2b ). In contrast, by integrating chromosome painting within a network visualization framework, PopNet builds on these tools to yield a more intuitive understanding of patterns of inheritance. We first applied PopNet to reveal the extent of shared ancestry between strain ME49 and the Type I and III strains, GT1 and VEG, ( fig. 2c(i) ). Consistent with previous studies (Minot et al. 2012; Lorenzi et al. 2016) , PopNet reveals a mosaic structure across chromosomes, as indicated, for example, by cyan blocks indicating shared ancestry between strains ME49 and VEG on chromosomes Ib, III, VI, VIIb, VIII, IX, XI, and XII. However, unlike previous studies, we identify many more blocks of shared ancestry. Applied to the progeny of CTG and ME49, PopNet reveals the ancestry of each chromosome ( fig. 2c(ii) ). Amongst these patterns we identified seven recombination events, including a double cross-over in chromosome X of S30, a rate consistent with previous observations (Khan et al. 2005) .
Expanding the analysis to our 24 strains, PopNet recapitulates the Type I, Type II, Type III, and HG12 lineages and reveals the influence of local admixture on population structure ( fig. 2d) . As with the linear representations, the network view clearly delineates chromosomal regions of shared ancestry. For example, the Type III strains, VEG and M7741 (blue) share many blocks of sequence with Type II strains (green) as exemplified by corresponding segments of the other groups color. In comparison, the Type I strains GT1 and RH88 appear more isolated, with limited regions of shared ancestry with Type II strains on chromosome IV and Type III stains on chromosomes VIII and XII. Furthermore, unlike previous studies, PopNet captures the divergent nature of chromosome Ia within the type I strains, GT1 and RH88, as well as CAST as indicated by multiple colored regions for this chromosome.
Analysis of the newly sequenced North American isolates, confirms TgSKUNK, ARI and 3142 as members of HG12, and TGGOATUS21 as related to Type II strains ME49 and PRU. We are reassured that PopNet generates identical patterns for ARI and ARI.MG, indicating the robustness of our sequencing and analysis pipeline. Within HG12, TgSKUNK, and RAY share more ancestral blocks with Type II strains (28.7% and 29.1% of their chromosomes, respectively) than ARI (15.3%) and 3142 (16.8%). The positional inheritance of these blocks supports a model whereby ARI and 3142 represent related sister progeny that possess different Type II recombination blocks than TgSKUNK and RAY. Further sampling within HG12 strains will yield a clearer view of the evolutionary events shaping the genomes within this group of strains that circulate among wildlife in North America.
Within each group, strain-specific patterns are also observed consistent with multiple independent introgressions of sequence blocks bearing distinct ancestries. For example, the progeny of the strain II by III cross, each feature unique patterns of inheritance, whereas P89 shares more regions with Type I members than VEG, CTG, and M7741. Even relatively subtle contributions from other clades are captured. For example, M7741, which was previously considered a close relative of VEG and CTG, shows introgressions from a Type I strain in chromosomes Ib, VIIa, and X, suggesting that it represents an admixture cross between VEG/CTG and a Type I strain. A finding not captured using NeighborNet or fineSTRUCTURE. The ability to identify such regions is important as TGSHUS28 is known to contain both Type I and Type III markers, and exhibits Type I-like virulence in mice (Dubey et al. 2008) . Here, we show that TGSHUS28 forms a clade with Type III strains but has inherited chromosomes II, VI, VIIa, X, and parts of chromosomes VIII, IX, XI, and XII from an ancestor of Type I strains.
Through the analysis of 24 strains of T. gondii, this analysis shows how PopNet yields a detailed view of the extent to which recombination events between the ancestors of the present day haplogroups have shaped population structure. Furthermore, through identifying such events, PopNet paves the way for future studies aimed at exploiting haploblock data sets to identify SNPs associated with altered patterns of virulence.
PopNet Associates Phenotypic Traits with Distinct S. cerevisiae Subpopulations Large scale population studies of domesticated and wild yeasts reveal their segregation into clades based on geography and/or function (Liti et al. 2009; Liti 2015) . However, while outcrossing is rare, detailed knowledge concerning the extent 
Here we applied PopNet to analyze the population structure of 67 strains of S. cerevisiae, including clinical, laboratory, industrial, and environmental isolates, and exploit biochemical data to gain insights into genetic association of function (Cherry et al. 2012; Bergstrom et al. 2014) .
PopNet defines eight clades that display reduced shared ancestry compared with the T. gondii population (fig. 3a) . For example, most members of clades I, II, and III possess few regions of common ancestry with other groups, with an average of 93.5% of their chromosomes unique to each clade. Only two members, Y55 (clade I) and UWOPS87.2421 (clade II), reveal visible sections shared with clade IV. Conversely, clade V shares considerable ancestry with clades IV and VI (14% and 22% of their chromosomes, respectively), whereas members of clades IV, VII, and VIII display more mosaic chromosomes. Such findings suggest that clades I, II, and III are largely genetically isolated, whereas clades V and VI, form a distinct population with shared ancestry. This is consistent with a previous study, in which the Malaysian strains of clade III, were found to be reproductively isolated from other lineages (Cubillos et al. 2011 ). The remaining clades (IV, VII, and VIII) represent genetic admixtures resulting from multiple recombination events across clades. Consistent with previous studies, clades tend to be associated with both function and geographical source of strain ( fig. 3b and c) . For example, clades II and III consist of environmental isolates isolated from plants with members deriving from Hawaii and Bahamas (clade II) or Malaysia and Africa (clade III). Clades I, V, and VI largely comprise isolates used in fermentation, with those from clades V and VI originating from Asia and associated with the production of sake (with the exception of the bio-ethanol producing strain ZTW1), whereas those in clade I originate from Africa and France and are associated with wine, palm wine, and ginger beer. Members of clade IV are more diverse and consist of brewing, baking, environmental, and clinical isolates.
Given overlap in function between members of several clades, we explored overlap in specific phenotypic traits previously generated across a range of experimental conditions (Liti et al. 2009 ) for a subset of 34 strains ( fig. 3d ). Consistent with their reproductive isolation, members of clade III displayed greatest phenotypic similarity between themselves than with other strains (mean intraclade Pearson correlation coefficient (PCC) ¼ 0.970 6 0.005 v mean interclade PCC ¼ 0.488 6 0.105, P ¼ 2.3 Â 10 À63 Students t-test), whereas clades I, II, and IV also showed significantly distinct similarity in phenotypes (clade I: mean intraclade PCC ¼ 0. ). Clade V did not display significant phenotypic similarity, reflected by a lack of coclustering ( fig. 3d) . For clade II, we note that UWOPS87_2421 displays a markedly different profile to other members of its clade ( fig. 3d ). For example, in the presence of 450mM aminotriazole, UWOPS87_2421 displays a lower relative growth rate (logarithmic strain coefficient (LSC) ¼ À0.004), compared with other clade II members (LSC ¼ 0.834 6 0.037), that was similar to members of clade IV, which display a mean LSC of À0.012 6 0.626. PopNet analysis identified 14 genomic regions in which strain UWOPS87_2421 displayed an anomalous clustering pattern to other clade II strains, resembling instead, members of clade IV with similar LSC scores (i.e., DBVPG6040, BC187, and L_1374). Among the 65 genes associated with these regions was the ATR1 locus, which encodes a drug efflux pump providing resistance against aminotriazole (Kanazawa et al. 1988 ). UWOPS87_2421 clustering with clade IV members at this locus suggests that the resistance allele may have been lost during a recombination event with an ancestor of this clade. In addition to confirming the segregation of domestic and wild type yeast populations into clades based on habitat and function, respectively (Liti et al. 2009; Wang et al. 2012) , this analysis demonstrates the potential of PopNet to predict novel genotype-phenotype relationships; anomalous patterns of clustering of genomic regions that coincide with shared phenotypic characteristics, can be used to prioritize genes for detailed functional characterization.
PopNet Reveals Geographical Boundaries have a Major Impact on Genetic Hybridization and the Spread of Artemisinin Resistance in P. falciparum
The parasite Plasmodium falciparum is the causative agent of malaria affecting an estimated 214 million people worldwide (World Health Organization 2015). Studies of P. falciparum population structure are currently being used to guide the development and implementation of control and elimination programs (Mita and Tanabe 2012; Miotto et al. 2013; Yin et al. 2013 ). Unlike T. gondii which can bypass its sexual cycle for transmission, P. falciparum has an obligate sexual cycle for its transmission between human hosts. Consequently, the recombination rate of P. falciparum ($10 kb/cM) is much higher than the estimated rate for T. gondii ($100 kb/cM) (Jiang et al. 2011) . What is debated is the extent to which selfmating versus outcrossing impacts the population genetic structure. Here, we analyzed 177 isolates of P. falciparum to examine the performance of PopNet on a frequently recombining population.
Applying PopNet, the 177 isolates were grouped into 18 clades, with two major clades (I and II) consisting of 89 and 38 members, respectively, and 16 minor groups consisting of between two and five members ( fig. 4a) . Integration of the geographical source of each strain revealed considerable overlap between clade membership and geographical origin ( fig.  4b ). For example, clade I contains 61 of 69 African isolates, 14 out of 20 isolates from Northern Cambodian province of Ratanakiri, and ten isolates from other Asian regions. Clade II is composed of Asian isolates from Cambodia and Thailand, whereas members of the smaller clades were largely associated with a single region.
Unlike T. gondii strains, chromosome representation of isolates from both major groups reveal fewer large contiguous I  II  III  IV  V  VI   VII  VIII  IX  X  XI  XII   XIII  XIV  XV  XVI  XVII  XVIII   I  II  III  IV  V  VI   VII  VIII  IX  X  XI  XII   XIII  XIV  XV  XVI  XVII Population Structure through Markov Clustering . doi:10.1093/molbev/msx110 MBE blocks of shared ancestry, featuring instead many smaller regions reflecting the frequent recombination events that occur in natural P. falciparum populations (Conway et al. 1999) . Consequently, new genomic elements are rapidly disseminated through the population, resulting in clade members possessing a common genomic background introgressed with short (<10 kb) sections obtained through crosses with members of other clades. Comparing between continents, the African population appears largely panmictic, with isolates from different countries belonging to the same population. However, also present are three relatively small genetically distinct subpopulations (clades XVI-XVIII). Members of each of these clades share only limited regions ($12% of their chromosomes) with other clades. On the other hand, whereas further small clades are identified in Asia, they exhibit frequent interactions with other clade members, sharing from 26% to 51% of their chromosomes with other clades. Although the characteristics of the Asian population has previously been reported, and mainly attributed to lower transmission rates as well as population expansion following the development of drug resistance (Miotto et al. 2013) , we believe this is the first report of genetically isolated African subpopulations. Given that eradication events have not been recently reported in Africa, the existence of highly homogeneous populations might be explained by the rapid expansion of a highly successful strain. For example, previous studies have shown that the widespread use of chloroquine resulted in a selective sweep for drug-resistant genotypes (Wootton et al. 2002) . Intriguingly, we also note the presence of isolates in Asia that share clade membership with the majority of African isolates. Either indicative of modern African strains being introduced to Asia or the progeny of ancestral strains common to both regions.
Previously, it has been shown that different Cambodian subpopulations have different levels of resistance to artemisinin, likely associated with the transmission of polygenic traits (Miotto et al. 2013 (Miotto et al. , 2015 . Here, we examined the performance of PopNet to identify such traits. Focusing on a subset of 33 Cambodian isolates for which artemisinin resistance data was available, we found that isolates from the Pursat province, clustered into a single clade, were more resistant (half-life clearance (hlc) ¼ 6.4 h) relative to isolates from Ratanakirin province, that clustered into a different clade (hlc ¼ 2.9 h, P < 0.01, two tailed Students t-test) ( fig. 4c) . Hybrid strains associated with other clades that shared edges with both Pursat and Ratanakiri isolates, possessed intermediate half-life clearance rates. These findings, consistent with previous results traits (Miotto et al. 2013 (Miotto et al. , 2015 , again illustrate the capacity of PopNet to associate population structure with phenotypic traits
Discussion
Here, we introduce a new pipeline, PopNet, for the analysis of recombination within and between populations. Although tools such as Neighbor-Net (Bryant and Moulton 2004) and STRUCTURE (Pritchard et al. 2000) provide some insight into population structure, they offer only limited resolution of shared ancestry. To overcome these limitations, chromosome painting approaches have been used to identify regions of chromosomes with shared ancestry. Applied to organisms which are thought to be largely reliant on asexual reproduction of a haploid stage for population growth, such studies are beginning to reveal the extent to which meiotic expansion drives genetic diversity within natural populations (Minotet al. 2012; Miotto et al. 2013; Lorenzi et al. 2016) . PopNet represents the first software package that automates the process of integrating shared ancestry estimates with chromosome painting. Like fineSTRUCTURE (Lawson et al. 2012 ), beyond the initial task of defining SNPs, PopNet does not rely on defining a single reference genome with which to relate population structure, which can otherwise obscure patterns of shared ancestry. For example, in a recent chromosome painting analysis of 62 T. gondii strains which predefined six clades, designated A-F, many haploblocks in strains assigned to clades B-F were colored according to common ancestry to clade A members, however, clade A members did not display reciprocal relationships (Lorenzi et al. 2016) . PopNet, by using an all-against-all approach, overcomes this limitation by coloring segments according to the clade with which is shares common ancestry. Furthermore, the agnostic clustering process employed by PopNet (secondary clustering step), enables the software to empirically determine a statistically supported number of clades within a population rather than having to predefine such a number (whereas fineSTRUCTURE explores a range of values for the number of clades to determine a value that best partitions the population). Such features allow PopNet to avoid potential biases that might arise from founder-like effects during interpretation of results. In addition, through adopting a network approach, clade relationships are readily visualized, whereas maintaining the ability to identify strains that exhibit unique patterns of ancestry. During analysis of the T. gondii population, we further demonstrated the robustness of the pipeline by: (1) including two independent sequencing runs, using different sequencing technologies for a single strain (ARI); and (2) including genomes of variable depth of sequence coverage: ARI, 3041 and TgSkunk sequenced to $50-60Â coverage and TgGOAT sequenced to 8Â coverage.
In this study, we first demonstrated the ability of PopNet to resolve recombination events using a simulated population. We then illustrated its application to three diverse populations spanning a spectrum of admixture, including strains of S. cerevisiae that appear genetically isolated, strains of T. gondii that appear to be largely reliant on clonal propagation and P. falciparum isolates that appear to have undergone frequent recombination. Consistent with these histories, although T. gondii and to a lesser extent, S. cerevisiae strains exhibited distinct blocks of shared ancestry across strains, P. falciparum chromosomes tend to feature more heterogeneous patterns of shared ancestry with many other isolates. Nonetheless, for all three populations, PopNet recapitulated known clades and also proved capable of revealing novel subgroupings, as well as genotype-phenotype associations in Plasmodium and yeast populations. For example, applied to Plasmodium population data, PopNet reveals Asian strains to exhibit frequent Zhang et al. . doi:10.1093/molbev/msx110 MBE recombination events between clades, whereas African strains include three genetically distinct subpopulations that appear to be isolated from the main population. Applied to the yeast population, we found that genomic regions sharing anomalous patterns of inheritance could be used to identify a gene associated with a specific phenotypic trait. Our current aim is to develop a statistical framework, analogous to that used in genome wide association studies, to further refine PopNet's ability to reveal genotype-phenotype associations.
Together these results showcase PopNet's ability to analyze large population genomics data sets to reveal novel genetic relationships. Future work will investigate additional refinements to expand the scope of the current framework. These include: developing a statistical framework to associate genetic loci with phenotypic traits; expanding analysis to polyploid populations; examining the influence of lateral gene transfer events, particularly in the context of prokaryotic populations; and introducing an overlapping sliding window to better define boundaries of shared ancestry. 
Materials and Methods
Data Sets
Genome sequence data for 17 strains of T. gondii (Lorenzi et al. 2016) , representing the four previously defined North American lineages were obtained from EuPathDB (Aurrecoechea et al. 2013 ). In addition, we generated genome sequence data for seven additional strains: TGGOATUS21 (isolated from a goat, Maryland), 3142 (isolated from a sea otter, California, U.S.A.), TGSKUNK (isolated from a skunk, British Columbia, Canada), ARI.MG and three progeny obtained from a previous genetic cross between strain CTG and ME49 (Sibley et al. 1992) . T. gondii strains were harvested from monolayers of human foreskin fibroblast cells (HFF), maintained in complete Dulbecco's Modified Eagle Medium (DMEM, Invirtogen, U.S.A.) with 10% fetal bovine serum, 2 mM glutamine (Invitrogen, U.S.A.), and 10 mg/ml gentamicin (Invitrogen, U.S.A.) at 37 C with 5% CO 2 as described previously (Howe and Sibley 1997) . Parasites were filtered through 3.0 mm polycarbonated filter (Fisher Scientific, UK) and washed with 1Â phosphate buffered saline. For whole genome sequencing total genomic DNA was prepared using DNeasy Blood and Tissue kit (Qiagen, U.S.A.) from $1 Â 10 8 parasites according to the manufacturer's instructions.
Whole genome sequencing for 3142, ARI.MG, and TgSKUNK was performed using the Illumina HiSeq 2000 at the Center for Advanced Genomics, Hospital for Sick Children (http://www.tcag.ca, last accessed April 3, 2017). Libraries were prepared following Illumina's genomic DNA library preparation protocol (Illumina, U.S.A.) and 2 Â 101 paired end reads generated (3142-42 million reads/56Â coverage; ARI.MG 45 million reads/55Â coverage; TgSKUNK-59 million reads/62Â coverage). Whole genome sequencing of TGGOATUS, S22, S23, and S30 was conducted using Illumina HiSeq 2500 at Genomics Unit, Research Technologies Branch, National Institute of Allergy and Infectious Diseases, NIH. Libraries were prepared using the TruSeq Nano library protocol (Illumina, U.S.A.) and 2 Â 150 bp paired end reads generated (TgGOAT-3.9 million reads/5.9Â coverage; S22-2.4 million reads/3.4Â coverage; S23-2.3 million reads/3.6Â coverage; S30-1.8 million reads/ 3.0Â coverage). Sequence reads are available from the National Center for Biotechnology Information under the BioProjectID PRJNA328772.
Illumina paired-end reads for each of the T. gondii strains were first mapped onto the strain ME49 reference genome (ToxoDB release 8.2 (Aurrecoechea et al. 2013 )) using the Burrows-Wheeler Aligner (BWA, v0.7.9) (Li and Durbin 2010) with default parameters. Read preprocessing (clipping and identification of duplicates) was performed using Picard (v.1.8.4, http://broadinstitute.github.io/picard, last accessed April 3, 2017). Subsequent realignments, score recalibration and variant calling was performed using Genome Analysis Toolkit (GATK) (McKenna et al. 2010) , with the following parameters: read coverage ! 5Â; Phred-scaled SNP quality ! 30; and -ploidy ¼ 1. A table of SNP calls was generated using VCFtools (Danecek et al. 2011) .
Yeast data sets, including biochemical data for 34 strains, were obtained from the Saccharomyces Genome Database (SGD) (Cherry et al. 2012 ) and the Saccharomyces Genome Resequencing Project (SGRP) (Liti et al. 2009; Bergstrom et al. 2014) . Strains were aligned to the reference strain, S288C, using SAMtools (Li et al. 2009 ) and variants called using mpileup. Consensus sequences were generated with bcftools and SNPS formatted SNP data was generated using Nucmer (part of the Mummer package (Kurtz et al. 2004) ).
Genome sequence data of 177 isolates of Plasmodium falciparum from Cambodia, Vietnam, Thailand, Mali, Ghana, The Gambia, and Burkina Faso were selected on the basis of depth of coverage and geographic representation from a pool of 825 previously sequenced isolates (Miotto et al. 2013 ). These include: 69 isolates are from the African countries of Mail, Ghana, The Gambia, and Burkina Faso; 79 isolates are from four regions of East Asian country of Cambodia; and 20 isolates are from Thailand and 2 from Vietnam. Reads were mapped to the 3D7 reference genome using BWA (Li and Durbin 2010) and SNPs with <50Â coverage removed from the analysis. SNPS formatted SNP data was again generated using Nucmer (Kurtz et al. 2004) . Artemisinin resistance data for 33 strains was kindly provided by Dr Rick Fairhurst (NIH, Bethesda, U.S.A.).
Running PopNet
Taking aligned SNP data as input, PopNet first performs a series of "primary" clustering to identify regions of shared ancestry between strains. In brief, SNPs for all genomes within a single population are divided into segments representing fixed-length sections of the genome. For each segment, a matrix is generated from the number of SNPs shared between every pair of strains; only SNPs shared by two or more strains are included in this analysis. The matrix is then clustered using the Markov clustering algorithm (van Dongen 2000a).
Population Structure through Markov Clustering . doi:10.1093/molbev/msx110 MBE Next, a "secondary" clustering step is performed to define major ancestries within the population. For this a global similarity matrix is generated that defines, for each pair of strains, the frequency with which they cocluster during the primary clustering step. The matrix is again clusterd using MCL with inflation and preinflation values being tuneable parameters that impact cluster resolution and size of chromosome features-see main text for a description of how these are selected. Resulting clusters from this secondary clustering step define clades and are assigned unique colors during visualization. Networks reflecting strain relationships are visualized using Cytoscape version 3.2.1 using the Enhanced Graphics plugin (Shannon et al. 2003; Morris et al. 2014) . Nodes depicted as annuli, represent the concatenated chromosomes of individual strains with edges representing the frequency that two strains cocluster during the primary clustering step. The color of the node border indicates its clade membership from the secondary clustering step; sectors within the annular depiction are colored with reference to the groups defined during the primary clustering step-see main text. Genomic positions with missing data may be denoted as "-"in the input SNP table; such sections will subsequently be colored grey. The PopNet pipeline is performed using a series of inhouse scripts using the Python programming language.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
